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Nod factors are substituted N-acyl chito-oligomers secreted by plant symbiotic bacteria of the
Rhizobium family. Substitutions on the oligosaccharide core specify their recognition by host
plants. A method using tandem mass spectrometry is proposed to locate the O-acetyl and
O-carbamoyl substituents on the nonreducing terminal residue of the chito-oligomers. As
model compounds, all the positional isomers of monoacetyl and monocarbamoyl esters of
1-O-methyl-N-acetyl-a-D-glucosamine were synthesized. Oxonium ions (MH 2 CH3OH)
1
were generated by liquid secondary ion mass spectrometry (LSIMS) and their decomposition
was recorded on a tandem magnetic instrument. Large differences were observed in the
relative abundances of ions resulting from elimination of water and of the O-ester substituent
from metastable oxonium ions. Deuterium exchange reactions indicated parallel elimination
pathways involving either exchangeable or carbon-linked hydrogens. The intensity ratios of
some of the ions generated by collisions with helium atoms allowed the isomers to be
distinguished. The main dissociation routes were identified. Metastable and collision-induced
decomposition of the B1 ions from Nod factors of Sinorhizobium meliloti and Azorhizobium
caulinodans resembled that of the 6-O-substituted N-acetylglucosamine models. Decomposition
of the B1 ion from Mesorhizobium loti and Rhizobium etli Nod factors, was similar to that of
3-O-carbamoyl N-acetyl-glucosamine and different to that of the 4-O isomer. 6-O- and
3-O-carbamoylation specified by the nodU and nolO genes, respectively, of Rhizobium. sp.
NGR234 were confirmed. (J Am Soc Mass Spectrom 2000, 11, 301–311) © 2000 American
Society for Mass Spectrometry
Nod factors are N-acyl derivatives of chito-oli-gomers that play a crucial role in the mutualrecognition between symbiotic bacteria and
legume plants in the early steps of their nitrogen-fixing
symbiosis [1, 2]. Generally, Nod factors are isolated
from bacterial strains as diversely N-acylated and O-
substituted complex mixtures. Structural variations oc-
cur generally at both ends of the molecules (for reviews,
see [3–7]). Three to six b(1-4)-linked glucosaminyl resi-
dues constitute the core of these molecules. All the
amino groups, except the one at the nonreducing ter-
minal residue, are acetylated. The nature and position
of other substitutions depend on the bacterial strain
isolated from the plant symbiont. The anomeric posi-
tion at the reducing terminal residue is generally free.
The O-6 position of the reducing N-acetyl glucosaminyl
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residue may either be nonsubstituted or acetylated,
sulfated or fucosylated. Position O-3 may be arabinosy-
lated. At the nonreducing glucosaminyl end, an amide-
linked fatty acid is always present. This residue may
also be N-methylated and O-ester groups (acetyl, car-
bamoyl) may be found. Recently, a 3-O-fucosylation on
the penultimate N-acetyl glucosamine residue of Nod
factors from a Rhizobium loti strain was described [8]
and we detected an O-acetyl group on the same residue
in Nod factors from Rhizobium galegae (submitted). One
difficulty in establishing the precise structure of Nod
factors is the location of O-ester groups. Indeed, it is
well known that these groups can migrate under rela-
tively mild conditions on sugar cores by means of
ortho-esters intermediates. Periodic acid cleavage in
association with mass spectrometry [9] was applied to
locate a 6-O-carbamoyl group on Nod factors [10] but
this method cannot be applied when O-ester groups are
on O-3 or O-4 positions on N-acyl glucosaminyl resi-
dues. Two dimensional 1H and 13C NMR spectrometry
clearly identified the occurrence of 6-O-acetyl and car-
bamoyl groups [10–12] but was again unable to distin-
guish between 3-O or 4-O-carbamoyl groups [13]. Ten-
tatively, carefully controlled methylation analysis was
used and permitted to locate on O-4 a carbamoyl group
in Nod factors extracted from Mesorhizobium loti [14]
and Rhizobium etli [15].
One major difficulty in the study of Nod factor
structures is their purification up to homogeneity from
complex mixtures of structurally close components.
Structural studies often have to be done on fractions
containing minute amounts of only partially purified
compounds. For this reason, tandem mass spectrometry
coupled with soft ionization techniques, especially fast
atom bombardment (FAB) or liquid secondary ion mass
spectrometry (LSIMS) has been widely used. Indeed,
protonated molecules tend to cleave in-source at each
glycosidic linkage, giving B-type ions (formally oxo-
nium or carbenium ions), the mass of which indicates
the substituents present on each glucosaminyl residue.
To our knowledge, no attempts have yet been made to
identify and locate the substituents on each individual
glucosaminyl residue.
It has already been established that low-energy frag-
mentation of B-type ions from peracetylated mono- and
small oligosaccharides provides a good mean to distin-
guish between isomeric sugars, such as stereo or ring-
size isomers [16–18]. It was therefore of special interest
to see whether the decomposition pathways of the B
ions of monoacetyl and monocarbamoyl esters of N-
acylated glucosamine is able to differentiate between
these positional isomers. However, above procedures
needed complete acetylation or trideuteroacetylation of
the sugars, which was found to be difficult for several
Nod factors, particularly for those bearing a sulfate
group. Hence, the following study was realized on
underivatized Nod factors.
To make assignments reliable, reference compounds
consisting of all mono acetyl and carbamoyl isomers of
1-O-methyl-N-acetyl glucosamine were synthesized.
Upon LSIMS ionization, these protonated molecules
lost methanol to give B ions (oxonium ions).
It was found that both metastable and collision-
induced spectra of these B ions allowed an easy differ-
entiation between all isomers. Deuterium/hydrogen
exchanges indicated that the mechanisms giving rise to
elimination reactions were complex. The main decom-
position routes were identified. Decomposition of the B1
ions from 6-O-acetylated or 6-O-carbamoylated Nod
factors from Sinorhizobium meliloti and Azorhizobium
caulinodans, respectively, revealed that their decompo-
sition pathways were similar to B ions of the model
compounds. In contrast, fragmentation of the B1 ion
from Mesohizobium loti and Rhizobium etli, showed a
pattern closer to oxonium ions from a 3-O-carbamoy-
lated compound than to a 4-O-carbamoylated one.
Spectra of the B1 ions of Nod factors from the nolO and
nodU mutants of Rhizobium sp. NGR 234 were similar to
those from A. caulinodans and R. loti, respectively.
Experimental
Chemical Syntheses of the Mono O-Acetyl and
O-Carbamoyl Esters of 1a-O-Methyl-N-Acetyl
Glucosamine
Experimental details are available upon request. The
synthesis scheme is depicted in Figure 1. Partially
protected glucosamine derivatives possessing one free
hydroxyl group were synthesized as follows. The a
anomers were isolated in the earliest steps of the
syntheses and used for the subsequent steps. Introduc-
tion of a 4,6-O-benzylidene group on 1a-O-methyl-N-
acetyl glucosamine led to a derivative with the free
3-OH group (pathway a). Blocking the 3-OH group on
this benzylidene derivative, then removing the 4,6-O-
benzylidene group, and finally introducing a trityl
group on O-6, led to a derivative with a free 4-OH
group (pathway b). By protecting first the O-6 position
of 1a-O-methyl-N-acetyl glucosamine by a trityl group,
then introducing benzyl groups on O-3 and O-4, and
finally removing the trityl ether led to a derivative with
a free 6-OH group (pathways c, d).
Acetylation of these intermediates was performed by
acetic anhydride in triethyl amine with catalytic
amounts of 4-dimethylamino pyridine, giving almost
quantitative yields. Carbamoylation of positions O-3 or
O-6 was done by addition of trichloroacetyl isocyanate,
giving the N-trichloroacetyl carbamoyl esters which
were further hydrolyzed into the corresponding unsub-
stituted carbamoyl esters by wet aluminum oxide [19].
The derivative having a free 4-OH failed to react with
isocyanates. The carbamoyl ester on position O-4 was
thus synthesized by another route. The derivative with
the free 4-OH was reacted with paranitrophenyl chlo-
roformate to give the corresponding paranitrophenyl
carbonate. The carbamoyl group was then generated by
ammonolysis of the paranitrophenyl ester group [20].
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Removal of the benzyl, benzylidene, and trityl protect-
ing groups were carried out under particularly mild
conditions (catalytic hydrogenation or mild acid hydro-
lysis) to avoid isomerizations. The control of the struc-
tures of all intermediates and final products were done
by mass spectrometry and 1H- and 13C-NMR. In partic-
ular, the resonances of the ring carbon atoms in the
13C-NMR spectra of carbamoyl derivatives, showed
that no isomerization occurred during deprotection
reactions: C1 gave a signal at 99.9 ppm for all isomers,
C6 at 62.5 ppm for the 3-O and 4-O derivatives, and at
65.0 ppm for the 6-O-carbamoylated isomer. C2, C3, C4,
and C5 gave series at 53.7–70.0–73.8–75.4 ppm for the
3-O-carbamoylated compound, at 55.6–70.9–72.1–73.9
ppm for the 4-O-carbamoylated isomer and at 55.3–
72.2–72.8–73.0 ppm for 6-O-carbamoylated isomer.
Nod Factors
Nod factors from Sinorhizobium meliloti, strain
2011(pGMI149), were isolated as described earlier [11].
Nod factors from Azorhizobium caulinodans, strain ORS
571 [10], were a gift from Dr. Peter Mergaert (Labora-
torium voor Genetica, University of Gent, Belgium),
those from R. etli, strain CE3 [21], were given by
Professor David Romero (CIFN, UNAM, Cuernavaca,
Mexico). Nod factors from induced cultures of Mesorhi-
zobium loti strain NZP 2037 were isolated according to
the described method [14]. In particular, the LSIMS
spectra of Nod factors from the R. etli and M. loti strains
were similar to those published: MH1 at m/z 1501.7 and
1459.7 (with and without the acetyl group on the fucose
moiety) and B-type ion series at 1092.5, 889.4, 686.3, and
483.2 [14, 15, 22]. Nod factors from the mutant strains of
Rhizobium sp. strain 234, namely NGR VnodU and NGR
VnolO [13] were provided by Professor William
Broughton (LBMPS, University of Geneva, Switzer-
land).
Mass Spectrometry
A six-sector tandem mass spectrometer with EBE–EBE
configuration (Autospec 6F) manufactured by Micro-
mass (Manchester, U.K.) was used for all measure-
ments. An LSIMS source was installed on MS-1 with a
cesium gun working at 30 kV. The samples were
dissolved in methanol and 1 mL of this solution was
mixed on the target with 1 mL glycerol acidified with
10% trichloroacetic acid. The collision cell fitted in the
first field free region was electrically grounded. The
collision cell located between the two parts of the
tandem instrument (4th FFR) was floated at 4 kV (half
the accelerating voltage). For product ion scanning with
the whole instrument, the oxonium ions generated into
the source (8 keV kinetic energy) were manually se-
lected at one unit resolution by the first EBE sectors. The
remaining EBE sectors (MS-2) were scanned in the
constant B/E mode. Spectra were obtained by averag-
ing enough 5-s scans (approximately 10 to 20) to get
reliable ion statistics. Experiments were repeated sev-
eral times and the relative intensities of the major
product ions were similar. For CID measurements,
helium was introduced into the cell so as to reduce the
intensity of the incident beam to 70% of its original
value. Precursor ion searches in the 1st FFR were done
by constant B2/E scanning of MS-1 using half of the
instrument.
Deuterium exchange of both the OH and NH groups
was done by dissolving the sample in CH3OD. After
1 h, the target was loaded with 1 mL of this solution,
mixed with deuterium exchanged glycerol (1 mL) and
10% trichloroacetic acid in D2O (1 mL). Two successive
additions and evaporation of 1 mL D2O on the loaded
target improved deuterium exchange. Mass measure-
ments by LSIMS showed that the MD1 ion was shifted
up by 4 u for the O-acetylated compounds (incorpora-
tion of three deuterium atoms into the molecule) and by
6 u for the O-carbamoylated ones (incorporation of five
deuterium atoms). The relative intensity of the peak one
mass unit lower than the MD1 ions of the fully ex-
changed molecule was less than 20%, indicating an
exchange ratio better than 95%.
Figure 1. Synthesis scheme of the positional isomers of mono
O-acetyl and O-carbamoyl esters of 1a-O-methyl-N-acetyl glu-
cosamine. Reagents: (a) PhCHO, ZnCl2; (b) BnBr, NaH, AcOH,
TrCl; (c) TrCl, BnBr, NaH; (d) AcOH; (e) pNO2™Ph™OCOCl; (f)
Ac2O, AcOH (for the 3-O-acetylated isomer 1a) or CCl3NCO,
Al2O3, AcOH (for the 3-O-carbamoylated isomer 1b); (g) Ac2O,
H2/Pt (for the 4-O-acetylated isomer 2a); (h) NH3, H2/Pt (for the
4-O-carbamoylated isomer 2b); (i) Ac2O, H2/Pt (for the 6-O-
acetylated isomer 3a) or CCl3NCO, Al2O3, H2/Pt (for the 6-O-
carbamoylated isomer 3b). Abbreviations: Me ; CH3; Ph ; C6H5;
Bn ; C6H5™CH2; Tr ; Ph3C; Ac ; CH3CO.
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Results
Metastable Decomposition of the Oxonium Ion
from Mono-O-Acetyl and Mono-O-Carbamoyl
Esters of 1a-O-Methyl-N-Acetyl Glucosamines
All LSIMS spectra of the mono-O-acetyl esters of 1a-O-
methyl-N-acetyl glucosamines showed the expected
[M 1 H]1 ions at m/z 278 and an in-source fragment at
m/z 246 due to the loss of methanol (oxonium ion called
the B ion). Similarly, the O-carbamoyl derivatives ex-
hibited [M 1 H]1 ions at m/z 279 and methanol loss
giving m/z 247.
The metastable ion spectra of the B ions from the
O-acetyl compounds at m/z 246 were very simple.
Elimination of either water or acetic acid or both, with
relative abundances varying according to the positional
isomers, were observed. The relative intensities of the
corresponding fragments allowed differentiation of the
isomers (Table 1 and Figure 2). Thus, the 3-O-acetylated
derivative eliminated acetic acid or water, the loss of
acetic acid (giving m/z 186) being approximately twice
as intense as the loss of water at m/z 246 (Figure 2a). The
4-O-acetylated compound showed simultaneous elimi-
nation of acetic acid and water (78 u) giving m/z 168
(Figure 2b). Acetylation of O-6 was characterized by
extensive water loss at m/z 228 (Figure 2c).
The metastable B ion spectra from the O-carbamoy-
lated compounds were relatively similar to those of the
O-acetylated ones (Table 1 and Figure 2), except for the
6-O isomer that behaves slightly differently. Thus, the
3-O-carbamoylated species exhibited a very abundant
loss of 61 u (m/z 186), corresponding to the elimination
of carbamic acid or of its elements (NH3 and CO2 or
isocyanic acid and water) (Figure 2d). However, unlike
the 3-O-acetylated derivative, competitive loss of water
was negligible. A very weak peak corresponding to the
elimination of both carbamic acid and water was also
detected (m/z 168). The 4-O-carbamoylated species
again eliminated simultaneously carbamic acid and
water giving m/z 168 (Figure 2e). The 6-O-carbamoy-
lated isomer showed a great loss of water at m/z 229, as
did the 6-O-acetyl isomer, but other competitive elimi-
nations were observed (Figure 2f). The loss of two water
molecules gave a relatively abundant ion at m/z 211.
Elimination of carbamic acid (m/z 186) and of carbamic
acid plus water (m/z 168) was also observed. Finally, a
peak at m/z 126 was relatively strong. This ion was of
low abundance in the metastable B ion spectra of the
O-acetylated compounds and in all the other O-car-
bamoylated isomers, but appears with high intensity
under collision (see later).
It is known that the relative abundance of fragments
from metastable ions is dependent on both the internal
energy of the precursor ions and the amount of time
they have to decompose. To check whether the isomers
can still be differentiated after modifying the lifetime of
the precursor ions and their internal energy, we tried to
record, in the first field free region of the mass spec-
trometer, spontaneous decomposition of B ions gener-
ated by electrospray or generated by LSIMS. Electro-
spray-generated B ions have too low an internal energy
to decompose spontaneously in field-free regions, even
when increasing the cone-to-skimmer voltage in the ion
source. Decomposition occurs only when increasing the
collision cell pressure. Spontaneous decomposition of
LSIMS-generated ions in the 1st FFR revealed a compa-
rable relative abundance, as above, for ions resulting
from the elimination of water and acetic or carbamic
acids in the different isomers, whereas low mass ions
began to appear. Under high energy collisions, low
mass ions were dominant, but eliminations of water
and of the O-ester substituent from the B ions were still
observed although with a reduced relative abundance.
Their ratios changed, but several common features were
still observed (Table 1): loss of acetic acid or carbamic
was far more abundant for the 3-O isomers and exten-
sive loss of water plus acetic or carbamic acid still
characterized the 4-O isomers. However, for the 6-O-
substituted isomers, loss of water was not as character-
istic as for metastable ions, and ions resulting from
eliminations of the 6-O-substituent with or without
water became abundant.
To gain some insight into the origin of the proton
transfers occurring in these reactions, hydrogen–deute-
Table 1. Abundance ratios of ions allowing the differentiation of the different isomers of O-acetylated and O-carbamoylated
N-acetyl glucosamines and resulting from eliminations from and cleavages of oxonium ions. Se is the sum of the abundances of
ions due to eliminations of water, acetic or carbamic acid, water plus acetic or carbamic acid. Letters a, b, and c represents the
abundance of ions at m/z 126, 144, and 138, respectively
Compound
B1 2 18
Se
B1 2 60 (or 61)
Se
B1 2 18 2 60 (or 61)
Se
m/z 144
m/z 126
(b/a)
m/z 144
m/z 138
(c/a)
Metastable CID Metastable CID Metastable CID CID CID
1a 0.32 0.06 0.62 0.68 0.05 0.26 1.04 0.84
2a 0.07 0.02 0.03 0.07 0.90 0.91 0.10 2.08
3a 0.94 0.32 0.02 0.24 0.04 0.41 0.13 0.13
1b 0.02 0.01 0.92 0.78 0.06 0.20 1.25 1.12
2b 0.03 0.02 0.02 0.16 0.95 0.82 0.61 1.94
3b 0.67 0.06 0.16 0.11 0.17 0.77 0.05 0.04
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Figure 2. Product ions generated in metastable decompositions of oxonium ions, generated by
cesium ion bombardment of O-acetylated and O-carbamoylated N-acetylglucosamine isomers. (a)
3-O-acetyl isomer 1a at m/z 246; (b) 4-O-acetyl isomer 2a at m/z 246; (c) 6-O-acetyl isomer 3a at m/z 246;
(d) 3-O-carbamoyl isomer 1b at m/z 247; (e) 4-O-carbamoyl isomer 2b at m/z 247; (f) 6-O-carbamoyl
isomer 3b at m/z 247. These spectra were from decompositions occurring in the 4th FFR of the
EBE–EBE instrument.
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rium exchange by CH3OD was performed on the O-
acetyl and O-carbamoyl N-acetyl glucosamine deriva-
tives. In the O-acetates, three protons were exchanged
(two hydroxyl and one amide proton) and in the
O-carbamoyl isomers two further protons (the amino
group) were exchanged. Decomposition of the metasta-
ble [MD 2 CH3OD]
1 ions was examined.
It was seen that 3-O-acetylated oxonium ion elimi-
nated both acetic and monodeutero-acetic acids (ratio
7:3). Similarly, the 3-O-carbamoyl isomer expelled both
dideutero and trideutero-carbamic acid (ratio 4:1). This
indicated that the loss of the O-ester substituent from
the O-3 position was not only due to a simple 2,3-
elimination, an exchangeable proton also participated
to some extent. The 4-O-acetylated isomer exhibited
losses of 79 and 80 u (ratio 1:9). The former probably
corresponded to the elimination of both acetic acid and
DOH. Loss of 80 u could be due either to the loss of both
CH3COOD and DOH or both acetic acid and D2O.
Similarly, the 4-O-carbamoyl derivative eliminated 82
and 83 u (ratio 2:8).
Loss of water from the 6-O-acetylated oxonium ion
was exclusively due to HOD. In contrast, the deuterated
6-O-carbamoyl isomer competitively expelled HOD
and D2O (ratio 3:2). The double loss of water corre-
sponded to 38 and 39 u in a ratio close to 1. Elimination
of carbamic acid mainly involved a carbon-linked pro-
ton, while the elimination of both water and carbamic
acid (82 u) involved DOH. This last reaction contrasted
with that of the 4-O-carbamoyl isomer in which an
additional deuterium atom was involved.
It is well established that oxonium ions from per-
methylated or peracetylated monosaccharides easily
eliminate the 3-O substituent [23, 24] along with the
proton on C2 because of its enhanced acidity due to the
proximity of the positive charge. The elimination pro-
cess of the 3-O-acetyl group in oxonium ions from
nonderivatized sugars is not so simple. A carbon-linked
proton is still, but only partly, involved, and competi-
tive elimination of an exchangeable proton occurs,
indicating the probable formation of oxygen or nitro-
gen-bridged structures as reaction products. The simul-
taneous elimination of water and acetic acid or water
and carbamic acid found for the 4-O-acetylated and the
4-O-carbamoylated ions was unexpected. It is tempting
to say that the product of this double elimination has a
pyranonium ring structure with three conjugated dou-
ble bonds by eliminations involving two ring protons.
Deuterium labeling indicated that especially one ring
proton is involved in this double elimination. Thus the
mechanisms were more complex than it can be postu-
lated, and they may additionally proceed through pyr-
anose–furanose ring interchanges [18, 25].
Another unexpected point is the very different be-
havior of metastable ions from the 6-O-acetylated and
the 6-O-carbamoylated B ions. The former led to the
almost exclusive loss of water, whereas the latter gave a
more complex spectrum in which the loss of water still
led to the base peak. Many of the additional ions
resembled those found in the 3-O and 4-O-carbamoyl
isomers (loss of carbamic acid, loss of carbamic acid
plus water). Possible isomerization during synthesis
was suspected: this was ruled out by the 13C-NMR data
which showed the absence of characteristic resonances
of the other isomers (carbon ring atoms). Possible
isomerization on the probe tip was also considered.
This hypothesis was unlikely as the metastable ion
spectrum did not vary between immediately after load-
ing the sample on the tip up to several minutes.
Moreover, the double loss of water, which was seen in
the spectrum of the 6-O-carbamoyl derivative, was not
present in the spectra of other isomers. A possible
explanation for the difference between the spectra of
6-O-acetyl and 6-O-carbamoyl derivatives was that the
amino part of the carbamoyl group participates in the
network of hydrogen bonds, thus modifying the critical
energy levels of several reactions and by consequence
their relative speeds. This explanation was corroborated
by deuterium labeling. Indeed, water lost from the
6-O-acetyl compound was exclusively DOH, produced
by the simultaneous cleavage of C™H and C™OH bonds.
In contrast, the 6-O-carbamoyl compound expelled both
DOH and D2O.
Collision-Induced Dissociations of Isomeric
Monoacetylated and Monocarbamoylated Oxonium
Ions of N-Acetyl Glucosamine
In order to see if differentiation between the isomers is
still possible by CID, thus independently of the internal
energy of the selected precursor ion, the pressure in the
gas cell was increased until the beam became reduced
to 70% of its original intensity. As said above, in these
high energy collision conditions, the relative abundance
of the ions due to elimination of water, acetic, or
carbamic acid, or both, was much lower. Indeed, colli-
sion processes induced abundant formation of ions with
lower masses. Among them, variations in the relative
intensity of diagnostic ions such as m/z 126 (ion a), 138
(ion c), and 144 (ion b) were used to differentiate
between the various O-acetyl and O-carbamoyl isomers
(Table 1 and Figure 3). The intensity ratio b/a was close
to 1 or had a higher value for the 3-O-acetylated and
3-O-carbamoylated compounds, and was lower for the
4-O and 6-O isomers. Moreover, the relative abundance
of ion c was particularly weak for the 6-O derivatives
and can be used to distinguish between 4-O and 6-O
substitutions.
Formally, m/z 144 corresponds to the elimination of
the O-ester substituent plus a ketene and m/z 126
seemed to be an additional loss of water. When identi-
fying the precursor ions of m/z 126 in the spectrum of
the 3-O-carbamoylated derivative (which gives a set of
fragment peaks with similar intensities), m/z 144 was
found (loss of water) together with m/z 168 (loss of 42 u,
probably ketene). The precursor of m/z 168 was m/z 186
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Figure 3. Product ions generated in collision-induced dissociations of oxonium ions from O-
acetylated and O-carbamoylated N-acetylglucosamine isomers. (a) 3-O-acetyl isomer 1a at m/z 246; (b)
4-O-acetyl isomer 2a at m/z 246; (c) 6-O-acetyl isomer 3a at m/z 246; (d) 3-O-carbamoyl isomer 1b at m/z
247; (e) 4-O-carbamoyl isomer 2b at m/z 247; (f) 6-O-carbamoyl isomer 3b at m/z 247. Spectra were
recorded using the cell located in the 4th FFR, floating at half accelerating voltage.
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(loss of water). The precursors of m/z 144 were m/z 162
(loss of water) and m/z 186 (loss of 42 u). The ion at m/z
186 derived directly from the oxonium ion by loss of
carbamic acid. The ion at m/z 162 was very weak and its
precursor ion spectrum could not be interpreted reli-
ably. The main routes for the formation of m/z 126 and
144 are presented in Figure 4. After deuterium–hydro-
gen exchanges, the deuterium content of the ions from
CID was determined. Ion b from the deuterated 3-O-
acetyl compound retained most of the three deuterium
atoms initially present, whereas ion a retained one and
two deuterium atoms in a 1:1 ratio. In contrast, when
generated from the 4-O and the 6-O acetates, ion b lost
a deuterium atom from the three initially present in the
B ions. This means that alternative mechanisms oc-
curred to generate these isobaric ions from the different
isomers.
The precursors of diagnostic ion c were mostly m/z
168 (loss of formaldehyde) and, to a lesser extent, m/z
156 (loss of water) and m/z 186 (loss of water plus
formaldehyde). Formaldehyde probably came from the
loss of the primary alcohol group. This could explain
why the abundance of this ion was particularly low for
the 6-O-acetylated and the 6-O-carbamoylated isomers.
This is also consistent with deuterium labeling as only
one deuterium atom was conserved.
Finally the ions at m/z 84 and 97 occurred with
comparable abundance for all the isomers. A search for
precursor ions gave m/z 112 (loss of 28 u) and m/z 126
(loss of 42 u) for the former, and more than six different
ions for the latter. Deuterium labeling indicated that
one or two deuterium atoms in equal proportions were
retained in the mechanisms involved in producing m/z
84 and only one in producing m/z 97. These low-mass
ions seemed to originate from cleavages of the sugar
ring after elimination of several substituents but the
pathways were not elucidated.
Fragmentations of the B1 Ions from 6-O-Acetylated
and 6-O-Carbamoylated Nod Factors
Nod factors from Azorhizobium caulinodans (NodArc)
have been characterized reliably by mass spectrometry,
NMR, and chemical techniques [10]. The presence of an
O-6-carbamoylated group on the nonreducing terminal
residue was demonstrated by periodic acid cleavage of
the C3™C4 bond (a-diol) and by 2D-NMR. Additionally,
the amino group of the same glucosaminyl residue was
N-methylated and N-acylated by “common” bacterial
fatty acids, such as vaccenic (11Z-octadecenoic) and
stearic (octadecanoic) acids.
In-source fragmentation during LSIMS ionization
affords B-type ions and in particular the B1 ions at m/z
483 and 485, according to the nature of the N-acyl chain.
The metastable ion spectra of m/z 485 is presented in
Figure 5a. Abundant loss of water (m/z 467, base peak),
associated with a very weak loss of carbamic acid (m/z
424, 3%) and a slightly more greater loss of both
carbamic acid and water (m/z 406, 12%) was observed.
In addition, elimination of 20 u from B1 (m/z 465) was
also seen. It corresponds to the loss of both water and a
hydrogen molecule. The two hydrogen atoms probably
Figure 4. Main decomposition pathways of the oxonium ion
from the 3-O-carbamoyl-1-O-methyl N-acetyl glucosamine as
shown by parent ion searches (B2/E scans, MS-1 only).
Figure 5. Product ions generated in metastable decompositions,
in the 4th FFR, of LSIMS-generated B1 ions from Nod factors:
Azorhizobium caulinodans (m/z 485, a), Rhizobium sp. NGR234 VnolO
(m/z 483, b), Rhizobium sp. NGR234 VnodU (m/z 485, c), Mesorhizo-
bium loti (m/z 483, d). Abbreviation: CbOH means carbamic acid.
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came from the N-acyl chain. The relative abundance of
the [B1 2 20] ion did not vary whether the acyl chain
was a stearoyl or a vaccenoyl group. The double loss of
water detected previously for the 6-O-carbamoylated
N-acetylglucosamine oxonium ion was quite low. Fi-
nally, an ion at m/z 364 (loss of 121 u from B1) is
observed. The mass loss is the same as for the produc-
tion of m/z 126 from carbamoylated oxonium ions of
N-acetyl glucosamines. As mentioned above, the loss of
121 u corresponded to carbamic acid, water, and ketene.
The persistence of the 121 u loss from long-chain
amidated B1 ion indicated that the ketene loss, in the
metastable ions spectra, came from the sugar moiety.
Although the behavior of metastable B1 ions from
NodArc and from 6-O-carbamoylated N-acetyl glu-
cosamine share several common features, namely a
heavy loss of water and a low elimination of carbamic
acid and of carbamic acid plus water, they differ in a
less extensive fragmentation of the former in the meta-
stable time frame. This can be explained either by
different internal energies of the precursor ions or by
the presence of an N-methyl group that could modify
the critical energies for some decomposition routes of
the B1 ions. In this regard, the observed metastable
decomposition pattern of the B1 ion from NodArc is
closer to that of the B ion from 6-O-acetylated N-
acetylglucosamine than of the 6-O-carbamoylated mod-
els.
Nod factors isolated from Sinorhizobium melitoli
(NodRm), named previously Rhizobium meliloti, are
6-O-acetyl substituted on the nonreducing terminal
residue and have mainly fatty acyl-N-substituents with
16 carbon atoms [11]. No N-methyl group is present.
Two different C16-fatty acid groups are mostly found:
one is doubly unsaturated with one double bond con-
jugated with the amide group and the second in posi-
tion 9,10. The other is monounsaturated with only the
9,10 double bond.
The metastable ion spectra of the corresponding B1
ions from the two Nod factors at m/z 438 and 440 were
similar except for the shift of two mass units. They
exhibited extensive loss of water, associated with a
weaker loss of hydrogen giving the [B1 2 20]
1 ion.
Elimination of acetic acid and acetic acid plus water
corresponded to ions that were not detected from the
background. With the exception of the dehydrogena-
tion process associated with the loss of water, the
metastable ion spectra of the B1 ions from NodRm look
like those of the 6-O-acetylated N-acetylglucosamine
model.
Because of a relatively low abundance of the precur-
sor B1 ions from Nod factors, the overall intensity of
their metastable ion spectra was low and many scans
had to be averaged to get spectra with reliable ion
statistics. In contrast, their CID spectra have a much
higher intensity and were easy to record. Results con-
cerning ratios of the diagnostic ions are presented in
Table 2. For the 6-O-acetylated and carbamoylated
isomers, loss of water gave peaks much greater than
those from elimination of the O-6 substituent with or
without the additional water loss. The ions a, b, and c
that were proposed as diagnostic ions for the isomeric
differentiation can be shifted, however, because of the
presence of different substitutions on the glucosamine
ring. Indeed, we were not able to determine previously
the origin of the carbon atoms remaining in these ions
as ketene losses may originate from the N-acetyl group
or from the sugar moiety. Nevertheless, the fragment
ions at m/z 126 (ion a) and 144 (ion b) were still
observed in the CID spectrum of the B1 ions from
NodRm. Because of the presence of an N-methyl group,
these ions were shifted up by 14 u giving m/z 140 (ion a)
and 158 (ion b) in the spectrum from NodArc. These
ions arose by elimination of alkyl ketene plus acetic (or
carbamic) acid and water instead of ketene plus acetic
(or carbamic acid) and water, the alkyl ketene coming
from the N-acyl chain. Their analogs involving loss of
ketene from the sugar part as observed in the metasta-
ble ion spectra were still present. Thus, under CID
conditions, m/z 126 taken as diagnostic ion for differen-
tiation of isomers in the N-acetyl glucosamine series
had at least two origins, that were differentiated when
replacing the N-acetyl group by a N-acyl one. Is the b/a
ratio criterion, namely abundance of m/z 126 over m/z
144, or of m/z 140 over m/z 158 when a N-methyl group
is present, still valid in Nod factors, since ion a, which
had two origins, was now only due to a single path-
way?
Table 2. Abundance ratios of several characteristic ions in the CID spectra of B1 ions from Nod factors. Abbreviations: Cb:
O-carbamoyl; Ac: O-acetyl; Me: N-methyl; Cxx:y: number (xx) of carbon atoms of the N-linked fatty acyl chain, number (y) of its
double bonds. Se has the same meaning as in Table 1. Letters a, b, and c represents the abundance of ions at m/z 126, 144, and 138
for B1 ions without any N-methyl group and the abundance of m/z 140, 158, and 152 for N-methylated B1 ions, respectively
Origin of Nod
factors
B1 ion
m/z Substituents
B1 2 18
Se
B1 2 60 (or 61)
Se
B1 2 18 2 60 (or 61)
Se b/a c/a
m/z 84
m/z 98
A. caulinodans 485 Cb, Me, 18:0 0.70 0.07 0.23 0.07 0.12 0.08
S. meliloti 440 Ac, 16:1 0.57 0.21 0.22 0.43 0.14 22.0
S. meliloti 438 Ac, 16:2 0.52 0.13 0.35 0.54 Nd 16.0
M. loti 483 Cb, Me, 18:1 0.06 0.93 0.01 1.70 0.35 0.09
R. etli 483 Cb, Me, 18:1 0.15 0.60 0.25 1.60 0.80 0.08
R. NGR VnodU 485 Cb, Me, 18:0 0.09 0.80 0.11 1.80 0.51 0.13
R. NGR VnolO 483 Cb, Me, 18:1 0.66 0.15 0.19 0.08 0.08 0.05
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A low b/a ratio should be characteristic of 4-O and
6-O-substitutions. From NodArc factors with a 6-O
carbamoyl group, the b/a ratio was effectively low (less
than 0.1). For NodRm, this ratio was close to 0.5, that is
3 times higher than for the 6-O-acetylated N-acetylglu-
cosamine model. A low c/a ratio was the other charac-
teristic of 6-O substituted N-acetylglucosamine deriva-
tives. Ion c was at m/z 138 in the spectra of NodRm and
at m/z 152 (14 u shift due to the presence of the
N-methyl group) in the spectrum of NodArc. The c/a
ratio was less than 0.15 for these 6-O-substituted Nod
factors.
Interestingly, the low mass ion at m/z 84 in NodRm
and its shift to m/z 98 in NodArc Nod factors may be
used as another diagnostic ion to determine the absence
(m/z 84) or the presence (m/z 98) of an N-methyl group.
By examination of a collection of Nod factors of differ-
ent origins, this criterion was found to be general.
Nod Factors from Mesorhizobium loti, Rhizobium
etli, and the Specificity of the Carbamoyl
Transferase from Rhizobium sp.
NGR 234
Mesorhizobium loti (named previously Rhizobium loti)
secreted carbamoylated Nod factors. The position of the
carbamoylation has been tentatively located on O-4 by
methylation analysis, because, after methylation under
particularly mild conditions, followed by hydrolysis
and subsequent work-up, only O-methylated glu-
cosamines on positions 3 and 6 were formed from the
internal and terminal nonreducing residues [14].
The B1 ion at m/z 483, in the LSIMS spectrum of Nod
factors from M. loti, carries N-vaccenoyl and N-methyl
groups together with an O-carbamoyl ester. Its meta-
stable decomposition is presented in Figure 5d. The
largest fragment is at m/z 422 and corresponds to the
loss of carbamic acid. The loss of carbamic acid plus
water (m/z 404, 2%) represents a very small peak. The
loss of water from m/z 483 is also weak (m/z 465, 5%).
This behavior did not fit with the expected pattern for a
4-O-carbamoylated glucosaminyl species, where m/z
404 would be the base peak. In contrast, it corresponded
to the decomposition of the 3-O-carbamoylated model.
The large peak at m/z 362 corresponded to the loss of
121 u, already seen in the spectrum of NodArc factors.
In the CID spectrum of the B1 ion (Table 2), the loss
of carbamic acid was still observed with a much higher
intensity than loss of water or of water plus carbamic
acid. At lower masses, the b/a intensity ratio (m/z 158
over m/z 140) was 1.7, a value closer to that of the
3-O-carbamoyl model compound (1.25) than to the
4-O-carbamoyl derivative (0.6). The analog of ion c was
found at m/z 152, the 14 u shift being due to the
presence of the N-methyl group. Its intensity was about
one third of that of ion a, a value which rules out 6-O
substitutions.
Structures of carbamoylated Nod factors secreted by
Rhizobium etli have claimed to be identical to that of M.
loti [15]. The CID spectrum of its B1 ion at m/z 483 is
presented in Table 2. It has in common extensive loss of
carbamic acid and high b/a and c/a ratios but ions due
to loss of water or of carbamic acid plus water were
more abundant than expected. Possibly, partial but
weak isomerization occurred during isolation work-up
or during storage of the sample, even at low tempera-
ture. This assumption was verified by measuring the
evolution of the CID spectra while the sample remained
in neutral water solution at 4 °C for several weeks.
Losses of water and of water plus carbamic acid became
more and more abundant. Thus, isomerization occurs
very easily, and this could explain the discrepancy
between our present results and those from methylation
analysis.
Rhizobium NGR 234 secreted a wide variety of Nod
factors, with zero, one, or two carbamoyl groups at the
reducing terminal residue [26]. When mutated in the
nodU or the nolO genes (VnodU and VnolO strains,
respectively), doubly carbamoylated Nod factors were
not synthesized [13]. As these genes encode for different
carbamoyl transferases, the monocarbamoylated spe-
cies formed by these mutant strains were not identical.
In the metastable ion spectra of the B1 ion at m/z 485, for
the VnodU strain (Figure 5c), the loss of carbamic acid
(m/z 424) corresponded to the base peak, with a rela-
tively weak loss of water (m/z 467) and almost no loss of
water plus carbamic acid. The B1 ion at m/z 483 from
Nod factors of the VnolO strain (Figure 5b) decomposed
mainly through loss of water (m/z 465) associated with
a large [B1 2 20] ion and exhibited a weaker loss of
water plus carbamic acid (m/z 404). In the CID spectra of
B1 ions from these two species (Table 2), loss of car-
bamic acid (m/z 424) gave a relatively large peak for the
VnodU mutant, whereas loss of water was seen for the
VnolO strain. The presence of m/z 98 in both spectra
indicated an N-methyl group. Other main differences
occurred at m/z 140 (ion a), m/z 158 (ion b), and m/z 152
(ion c). The b/a ratio was 1.8 for the VnodU mutant and
0.08 for the VnolO strain. The c/a ratio was close to 0.5
for the former and very low (0.08) for the latter.
On the basis of the above models, these results
indicates that Nod factors from the VnolO strain are
carbamoylated on O-6, whereas those from the VnodU
strain are carbamoylated on O-3. Because the mutations
caused loss of functions, nolO must encode for a 3-O-
carbamoyl transferase and nodU for a 6-O-carbamoyl
transferase as proposed earlier [13].
Conclusion
The simplest way to differentiate between the positional
isomers of mono O-acetylated and O-carbamoylated
N-acetyl glucosamines is to use the metastable decom-
position of their respective oxonium ions generated by
LSIMS (or FAB). Despite their greater complexity, the
collision-induced spectra led also to easy differentia-
tions. Both methods can be applied to locate O-ester
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groups on the nonreducing terminal residue of Nod
factors. Additional information on the presence of N-
methyl groups can be obtained by CID, thus allowing
the length of the carbon chain of the fatty acyl group to
be deduced.
Acknowledgments
The authors thank Dr. Peter Mergaert (University of Gent, Bel-
gium), Professor W. J. Broughton (LBMPS, Universite´ de Gene`ve,
Switzerland), and Professor David Romero (CIFN, Cuernavaca,
Mexico) for providing Nod factors as reference compounds for the
present study. This work was partly supported by the European
Communities BIOTECH program (PTP CT93-0400), by “Region
Midi-Pyre´ne´es,” by “Centre National de la Recherche Scienti-
fique” (PCV program), by “Ministe`re de l’Agriculture” and “Min-
iste`re de la Recherche et de la Technologie.”
References
1. Lerouge, P.; Roche, P.; Faucher, C.; Maillet, F.; Truchet, G.;
Prome´, J. C.; De´narie´, J. Symbiotic host-specificity of Rhizobium
meliloti is determined by a sulphated and acylated oligosac-
charide signal. Nature 1990, 344, 781–784.
2. Spaink, H. P.; Sheeley, D. M.; van Brussel, A. A. N.; Glushka,
J.; York, W. S.; Tak, T.; Geiger, O.; Kennedy, E. P.; Reinhold,
V. N.; Lugtemberg, B. J. J. A novel highly unsaturated fatty
acid moiety of lipo-oligosaccharide signals determines host
specificity of Rhizobium. Nature 1991, 354, 125–130.
3. Mergaert, P.; Van Montagu, M.; Holsters, M. Molecular mech-
anisms of Nod factors diversity. Mol. Microbiol. 1997, 25,
811–817.
4. Mylona, P.; Pawlowski, K.; Bisseling, T. Symbiotic nitrogen
fixation. Plant Cell 1995, 7, 869–885.
5. Hamst, E.; Spaink, H. P.; Kafetzopoulos, D. Biosynthesis and
secretion of rhizobial lipochitin-oligosaccharide signal mole-
cules. In Plant Microbe Interactions (Subcellular Biochemistry),
Biswas, B. B.; Das, H. K., Eds.; Plenum: New York, 1998; Vol
29, pp 29–71.
6. Relic, B.; Perret, X.; Estrada-Garcia, M. T.; Kopcinska, J.;
Golinovki, W.; Krishnan, H. B.; Pueppke, S. G.; Broughton,
W. J. Nod factors of Rhizobium are a key to the legume door.
Mol. Microbiol. 1994, 13, 171–178.
7. De´narie´, J.; Debelle´, F.; Prome´, J.-C. Rhizobium lipo-chitooligo-
saccharide nodulation factors: signalling molecules mediating
recognition and morphogenesis. Annu. Rev. Biochem. 1996, 65,
503–535.
8. Olsthoorn, M. M. A.; Lopez-Lara, I. M.; Petersen, B. O.; Bock,
K.; Haverkamp, J.; Spaink, H. P.; Thomas-Oates, J. E. Novel
branched Nod factor structure results from a-(1-3) fucosyl
transferase activity: the major lipo-chitin oligosaccharides
from Mesorhizobium loti strain NZP2213 bear an a-(1-3) fucosyl
substituent on a nonterminal backbone residue. Biochemistry
1998, 37, 9027–9032.
9. Angel, A.-S.; Nilson, B. Linkage positions in glycoconjugates
by periodate oxidation and fast atom bombardment mass
spectrometry. Methods Enzymol. 1990, 193, 587–607.
10. Mergaert, P.; Van Montagu, M.; Prome´, J.-C.; Holsters, M.
Three unusual modifications, a D-arabinosyl, an N-methyl,
and a carbaoyl group, are present on the Nod factors of
Azorhizobium caulinodans strain ORS 571. Proc. Natl. Acad. Sci.
USA 1993, 90, 1551–1555.
11. Roche, P.; Lerouge, P.; Ponthus, C.; Prome´, J.-C. Structural
determination of bacterial nodulation factors involved in the
Rhizobium meliloti-alfalfa symbiosis. J. Biol. Chem. 1991, 266,
10933–10940.
12. Jabbouri, S.; Fellay, R.; Talmont, F.; Kamalaprija, P.; Burger, U.;
Relic, B.; Prome´, J.-C.; Broughton, W. J. Involvement of nodS in
N-methylation and nodU in 6-O-carbamoylation of Rhizobium
sp. NGR234 Nod factors. J. Biol. Chem. 1995, 270, 22968–22973.
13. Jabbouri, S.; Relic, B.; Hanin, M.; Kamalaprija, P.; Burger, U.;
Prome´, J.-C.; Broughton, W. J. nolO and noeI (HsnIII) of
Rhizobium sp. NGR 234 are involved in 3-O-carbamoylation
and 2-O methylation of Nod factors. J. Biol. Chem. 1998, 273,
12047–12055.
14. Lo`pez-Lara, I. M.; Van den Berg, J. D. J.; Thomas-Oates, J. E.;
Glushka, J.; Lugtenberg, B. J. J.; Spaink, H. P. Structural
identification of the lipo-chitin oligosaccharide nodulation
signals of Rhizobium loti. Mol. Microbiol. 1995, 15, 627–638.
15. Cardenas, L.; Dominguez, J.; Quinto, C.; Lopez-Lara, I. M.;
Lugtemberg, B. J. J.; Spaink, H. P.; Rademaker, G. J.;
Haverkamp, J.; Thomas-Oates, J. E. Isolation, chemical struc-
tures and biological activities of the lipo-chitin oligosaccharide
nodulation signals from Rhizobium etli. Plant Mol. Biol. 1995,
29, 453–464.
16. Guevremont, R.; Wright, J. L. C. FAB and sequential mass
spectrometry with a VG ZAB-EQ: Hexose stereoisomers. Rapid
Commun. Mass Spectrom. 1987, 1, 12–13.
17. Vouros, P.; Mu¨ller, D. R.; Richter, W. J. Low-energy collision-
induced dissociation of B1-type sugar ions formed from
peracetylated methyl pentosides and methyl 6-deoxyhexo-
sides. J. Mass Spectrom. 1999, 34, 346–353.
18. Mu¨ller, D. R.; Domon, B.; Richter, W. J. Application of tandem
mass spectrometry in the structure determination of complex
biomolecules. Spectrosc. Int. 1989, 7, 11–22.
19. Kocovsky, P. Carbamates, a method of synthesis and some
synthetic applications. Tetrahedron Lett. 1986, 27, 5521–5524.
20. Millar, A.; Kim, K. H.; Minster, D. K.; Ohji, T.; Hecht, S. M.
Synthesis of the carbohydrate moiety of bleomycin: 2,3,4,6-
tetra-O-substituted D-mannose derivatives. J. Org. Chem. 1986,
51, 189–196.
21. Corvera, A.; Prome´, D.; Prome´, J. C.; Martinez-Romero, E.;
Romero, D. The nolL gene from Rhizobium etli determines
nodulation efficiency by mediating the acetylation of the
fucosyl residue in nodulation factor. Mol. Plant-Microbe Inter-
act. 1999, 12, 236–246.
22. Poupot, R.; Martinez-Romero, E.; Gautier, N.; Prome´, J. C.
Wild type Rhizobium etli, a bean symbiont, produces acetyl-
fucosylated, N-methylated and carbamoylated nodulation fac-
tors. J. Biol. Chem. 1995, 270, 6050–6055.
23. Dell, A. FAB mass spectrometry of carbohydrates. Adv. Carbo-
hyd. Chem. Biochem. 1987, 45, 19–72.
24. Egge, H.; Peter-Katalinic, J. Fast-atom bombardment mass
spectrometry for structural elucidation of carbohydrates. Mass
Spectrom. Rev. 1987, 6, 331–393.
25. Richter, W. J.; Mu¨ller, D. R.; Domon, B. Tandem mass spec-
trometry in structural characterization of oligosaccharide res-
idues in glycoconjugates. Methods Enzymol. 1990, 193, 607–623.
26. Price, N. P. J.; Relic, B.; Talmont, F.; Lewin, A.; Prome´, D.;
Pueppke, S. G.; Maillet, F.; De´narie´, J.; Prome´, J. C.; Broughton,
W. J. Broad-host-range Rhizobium species strain NGR234 se-
cretes a family of carbamoylated and fucosylated nodulation
signals that are O-acetylated or O-sulphated. Mol. Microbiol.
1992, 6, 3575–3584.
311J Am Soc Mass Spectrom 2000, 11, 301–311 LOCATION OF ESTER GROUPS ON GLUCOSAMINES
